Yttrium (Y) substituted Mg-Zn ferrites with the compositions of Mg 0.5 Zn 0. 5Y x Fe 2-x O 4 (0 ≤ x≤ 0.05) have been synthesized by conventional standard ceramic technique. The prepared samples have been studied by X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy and dielectric measurement. The effect of Y 3+ substitution on the structural, electrical and dielectric properties of Mg-Zn ferrites has also been studied. The single phase of spinel structure with a very tiny secondary phase of YFeO 3 for higher Y contents has been detected. The variation in lattice constant is explained with proper formalism. The lattice constant has also been calculated theoretically and compared with measured experimental lattice constant. The bulk density, X-ray density and porosity have been calculated. The completion of solid state reaction and formation of spinel structure has been confirmed from the bands ν 1 and ν 2 in the FTIR spectra. Frequency dependence of conductivity is studied and a significant increase in resistivity (an order) has been observed due to Y substitution. Frequency dependence of dielectric constants (ԑʹ) and dielectric loss tangent (tanδ) are also studied and the lowering of ԑʹwith the increase of Y content is noted. The abnormal behavior of tanδ has been successfully explained. Dielectric relaxation phenomena are studied in terms of electric modulus and the calculated relaxation time are found be in the range between15 to 31 nano seconds for different Y contents. Finally, the impedance spectroscopy is used to study the contribution from bulk grains and grains boundary resistance. The values of electrical resistivity and dielectric constants suggest the suitability of Y substituted Mg-Zn ferrites in microwave device applications.
Introduction
The field of ferrites has become a possible subfield of materials science because of unique combination of their electrical and magnetic properties. The physics involved in ferrites have also drawn much attention to the scientific community and interests in ferrites are still now growing, even after many years since their discovery. The scientists, researchers, technologist and engineers are continuously trying to open the door for commercial application of ferrites and various types of ferrites with excellent properties are known in bulk, thin film and nano particle form [1] . Among the large family of ferrites, the Mg-Zn ferrites with spinel structure are widely known due to their significant properties which makes them suitable for application in computer memory and logic devices, cores of transformers, recording heads, antenna rods, loading coils and microwave frequency devices (as a core of coils), and so forth [2, 3] . Like other soft ferrites, they are also considered as a suitable choice owing to their high Curie temperature (T c ), high electrical resistivity, low eddy current losses, low dielectric loss, low cost, high mechanical hardness and superior environmental stability [4, 5] . Even their application extends in every sector: electronic communication to medical industry, military to space technology [3] .
The synthesis of new ferrites with different compositions with better performance in practical application by the modification of existing materials is always motivating the materials researchers [6] . The properties of ferrites strongly depend on the chemical composition, cation distribution on A-site and B-site, methods of preparation, sintering temperature and time, types of impurity ions and levels etc. [7, 8] . Therefore, there is a way of tuning the physical properties of ferrites by changing the chemical composition. The cation distribution at A-site and B-site can be changed by different ions substitution for either divalent cation (M 2+ of MFe 2 O 4 ) or Fe 3+ ions.
The motivation of our present research is to enhance the electrical resistivity of Mg-Zn ferrites by rare-earth Y 3+ substitution for Fe 3+ and expected a significant characteristic of ferrites for applications in high frequency devices. The electrical conductivity in spinel ferrites is mainly due to the electron hopping between Fe 2+ (which are form during sintering process [9, 10] ) and Fe 3+ ions at octahedral (B-site) site [11] . It is well known that the rare-earth ions occupy the octahedral (B) sites that reduced the electron hopping by limiting the motion of Fe 2+ , results an increase in resistivity [12] . Therefore, increase of electrical resistivity is expected by Y 3+ substitution for Fe 3+ in Mg-Zn ferrites due to its (Y 3+ ) tendency to occupy the B-site due to larger ionic radius [13] . It is noted that the Yttrium (Y) has already been substituted in Ni-Zn ferrites, Mg ferrites and Co ferrites [13] [14] [15] [16] [17] [18] [19] [20] . Enhancement of electrical resistivity in Y substituted Ni-Zn and Mg ferrites have also been reported [16] [17] [18] .
The physical properties of different ions substituted Mg-Zn have been investigated by many researchers: Mn [2, 3] , Sm [11] , Ti [21, 22] , Nd [23, 24] , Zr [25] , Cu [26] [27] [28] [29] , Cr [30] [31] [32] , Co [33, 34] , Pr [35] , Gd [36] , Ni [37, 38] . Improvement of electrical properties of Mg-Zn ferrites has also been reported by Nd [24, 25] and Sm [30] substitutions that have been explained by their larger ionic radius and B-site occupation. However to the best of our knowledge, study of Y substituted Mg-Zn ferrites is not reported yet.
The aim of the present work is to correlate the electrical and dielectric properties of Y substituted Mg-Zn ferrites with Y contents. To facilitate the homogeneous mixing during milling process the nano powders of the raw materials are used [39] [40] [41] [42] . Therefore, in this study we are intended to study the structural, electrical and dielectric properties of Mg-Zn ferrites as a function of Y contents that makes better knowledge on conduction mechanism and dielectric polarization to the scientific community.
Experimental techniques
Conventional ceramic technique was used to prepare Y-substituted Mg-Zn ferrite
The raw materials in nano form were used (US Research Nanomaterials, Inc.) with purity >99.5% and the particle size are of 20, 10-30, 30 and 20-40 nm for MgO, ZnO, Fe 2 O 3 and Y 2 O 3 , respectively. The raw powders were weighed according to the stoichiometric ratio for corresponding composition. The powders were then mixed and milled for 6hrs using an agate mortar and pestle. After completing the homogeneous mixing of powders, they were loosely pressed to make biscuit like shape and then were calcined at 850 °C for 4 hrs in a muffle furnace. The calcined powders were then milled again for 2.5 hrs.
A 5% polyvinyl alcohol solution was added as a binder and desired shape of dimension 8.4 mm diameter and 2.4 mm thickness of samples were prepared using a suitable die with a hydraulic press by applying 10kN pressure. The samples were finally sintered at 1250 °C for 4 hrs in air at atmospheric pressure with the temperature step of 5 °C per minute and cooled naturally. The characterization of samples was done by taking X-ray diffraction (XRD) using Philips X'pert PRO X-ray diffractometer (PW3040) with Cu-K α radiation (λ=1.5405 Å), FTIR measurement system (PerkinElmer FT-IR spectroscopy two), dielectric measurements by a Wayne Kerr precision impedance analyzer (6500B) in the frequency range of 10-120 MHz with a drive voltage 0.5 V at room temperature. with Y 3+ ions [43] . The similar phase is also reported in Y substituted Ni-Zn ferrites [16] and Mg ferrites [18] . The XRD data has also been used to determine the lattice constant of the samples. . The values a for each peaks are plotted against F() and the exact lattice constant has been obtained from the point where the least square fit straight line cut the y-axis.
Results and discussion

Structural properties
The theoretical density also known as X-ray density has been calculated using following expression: = density, X-ray density, and porosity are presented in Table 1 . Å) [46] . The ionic radii of r A and r B have been calculated by assuming possible cation distribution. The cation distribution has been proposed based on the following assumptions: the Mg 2+ ions occupy both the A-sites (10 % of total distribution) and B-sites (90% of total distribution) [47] while Zn 2+ prefers to occupy the tetrahedral sites (A-sites) [48] . The Fe 3+ ions have preference for both tetrahedral and octahedral sites [49] .The mean ionic radii r A of tetrahedral sites (A) and r B of octahedral sites(B) have been calculated using relations [45] ;
. A good agreement is to be noted between theoretical and experimental lattice constant up to x = 0.03. The ideal crystal unit cell with regular cations and anions distribution is considered to calculate a theo , therefore, a little deviation between a expt and a theo is expected [50] .The a expt values are decreasing trend for x = 0.04 and 0.05 following disagreement between a expt and a theo since the secondary phase is not considered in calculation of a theo , however it is obvious for x = 0.04, 0.05 and seems to be started at 0.03 ( Fig. 1) .
The X-ray density (ρ x ) and bulk density (ρ b ) are presented in Table 1 for different Y contents.
Pores formed during sintering process are not considered in calculation of ρ x that produces higher values of ρ x than that of ρ b . Fig. 2 
FTIR spectroscopy
FTIR spectrum of ferrites generally exhibits two major peaks for M-O bond in octahedral and the tetrahedral sites of the ferrite sub-lattice [53] . Fig. 3illustrates the FTIR spectra of all the samples in which two major absorptions bands are noted in the range of 365 to 1100 cm -1 . Table 2 shows the bands position for the studied compositions, the completion of solid state reaction has been confirmed from position of the band within expected range of structural bands of spinel ferrites [54] .The bands are occurred at higher frequency bands ν 1 at 560 cm -1 corresponds to the stretching vibrations of the M-O clusters in the tetrahedral sites and lower frequency bands ν 2 (in the range 396-402 cm -1 ) are assigned to the stretching mode of the M-O bond in the octahedral sites, respectively [55] . The band frequency ν 1 remains constant for all composition. The band frequency ν 2 slightly shifts to lower frequency side for x = 0.04 and higher frequency side for x = 0.05, this shift in peak position is might be due to the appearance of impurity phase. at the A-site. The electronic valence is higher for Fe ions than Zn ions; hence to balance the electrical charge, metallic vacancies which are charge carriers have been increased resulting increase in conductivity. The resistivity of the compositions rises with increasing Y contents that can be explained as:theFe 3+ ions concentration at B-sites decrease due to increasing Y 3+ ions at B-sites that accelerates the conduction process between Fe 2+ and Fe 3+ at the B-site [62, 63] where Fe 2+ ions are produced during sintering process [30] . Therefore, the decrease in Fe 3+ concentration at B-site reduces the probability of electrons exchange between Fe 2+ and Fe 3+ and hence the resistivity is increased that consistent with reported results [18] . Another point could also be noted here that for x=0.04 and x=0.05, ac conductivity was noted to be increased but still conduction process [64] . The increase in the probability of electrons hopping is due to larger ionic radius of Y which causes the oxygen ions to close each other in the crystal lattice could be another probable reason. The similar result for La substituted Ni ferrites has also been reported [64] . 
Dielectric properties Frequency dependence of dielectric constant
The dielectric constant has been calculated using equation: ԑʹ=Cd/ԑ 0 A, where C is the capacitance, d is the thickness, ԑ 0 is the permittivity in free space and A is the surface area of pellet. The measured (at room temperature) frequency dependent dielectric constants ԑʹ of Mg 0.5 Zn 0.5 Y x Fe 2-x O 4 (0 ≤ x ≤ 0.05) are presented in Fig. 5 (a) , showing a dispersion in ԑʹ, to a different extent, in the low frequency range ( <10 kHz) due to interfacial polarization. The curves exhibiting three regions of frequencies: a sharp decrease up to 100 Hz, a slow decrease up to 10kHz and finally become almost zero and frequency independent at high frequency region, which is common for spinel ferrites [66] . Similar results also reported earlier for Mg-Zn [67] , Sm, Cr and Co substituted Mg-Zn ferrites [11, 32, 33] and Ni-Zn [40, 41] .The frequency dependent behavior of the compositions can be explained using of Koops' theory [57] , assumes that the dielectric materials contain two layers of the Maxwell-Wagner type [58, 59] . The conduction mechanism and dielectric polarization is similar in ferrites [68] and a significant correlation between these two has also been reported [69] . The electron hopping between Fe 2+
and Fe 3+ has been taken in consideration for the polarization mechanism. In the low frequency region, the electron exchange between Fe 2+ and Fe 3+ is able to follow the electric field up to certain frequency (hopping frequency) results the local displacement of charges between sites in the applied field direction, which determine the polarization of the system. At high frequencies (after hopping frequency) the electron exchange between Fe 2+ and Fe 3+ cannot follow the applied electric field and hence attained a constant value [70] . It can also be noted here that the dielectric constant for x = 0.01 ( Fig. 4 (a) ) is lower than that of parent one but higher for other concentrations. The variation of dielectric constant of the compositions with Y contents can also be explained by employing same formalism as stated in section 3.3. 
Frequency dependence of dielectric loss
An abnormal behavior is observed in the plots of the dielectric loss tangent (tan) against frequency for different Y contents, shown in Fig. 5 (b) .The tanδ vs frequency curves for the sample showing typical maximum of dielectric loss at a certain frequency and the peak shift to lower frequency for substituted compositions. This type of behavior in Mg-Zn ferrites [71] as well as in Cu substituted Mg-Zn ferrites [27] has also been reported. This abnormal behavior is reported even in other ferrites such as Ni-Zn [41] , Cu-Cd [72] , Li-Mg-Ti [73] and Ni-Mg [74] ferrite systems. The condition for showing a peak in tanδ for a dielectric material can be expressed by the following relaxation relation [75] = 1, where ω = 2πf max and η is the .Therefore, the tanδ vs frequency curves exhibit a maximum when the jumps frequency between Fe 2+ and Fe 3+ ions at adjacent B-sites approximately equal to the applied electric field [76] . Thus it can justifiably be calculated the frequencies (and presented in Table 3 ) for samples at which the maximum in tanδ is observed.
Correlation of resistivity and dielectric constants as a function of Y contents
The conduction mechanism and dielectric polarization is similar in ferrites [68] and a significant correlation between these two has been reported [69] . In order to correlate the dielectric constant with resistivity, we have calculated the product of ԑʹ and (at 20 Hz and 1000 Hz) and presented in Table 3 from which an approximate inverse proportionality of ԑʹ to can be observed. Similar results have been reported and can be concluded that in case of dielectric materials where dielectric polarization is strongly dependent on conduction mechanism, the dielectric constant is approximately inversely proportional to the square root of resistivity [18, 77] . into two regions. The low frequency side that determines frequency range where charge carriers are able to move over a long distance i.e., hopping of charge carriers is possible between two adjacent sites. The high frequency region that determine frequency range where charge carriers are able to move within short range i.e., the motion of charge carriers are localized within their potential well. The peak also gives information about the transition from long range to short range mobility with increase in frequency [78] . Moreover, the frequency at which Mʹʹ is maximum is also known as dielectric relaxation frequency and the relaxation time η is calculated using equation ′′ = 1 2 ′′ .The calculated relaxation time for different Y contents of the samples is presented in Table 3 . Complex impedance is a useful tool to demonstrate the transport properties taking place between the grain and grain boundaries, the consequence changes in electrical conductivity (ac and dc), dielectric permittivity, and dielectric losses. Especially the dominant resistance from grains or grain boundary in the polycrystalline ceramics can easily be resolved [79] . Fig. 7 (a) and (b) represent frequency dependence of real and imaginary parts of the impedance for different Y contents. In Fig. 7 (a) , the values of Zʹ are found to decrease with increase in frequency, suggesting an increase in ac conductivity with frequency. The coincidence of the values Zʹ at high frequency suggests the possible release of space charge [80] that is consistent with reported results [40, 41] . For particular frequency (e.g. at 20 Hz) the variation of Zʹ with Y contents is same as observed and successfully discussed in case of conductivity and dielectric constants at same frequency. Fig. 7(b) illustrates the imaginary part of the impedance Zʹʹ as a function of frequency for different Y contents, showing a relaxation peak at low frequency side; all the curves coalesce with each other at high frequency. Fig. 8 . Usually, the impedance spectrum of the polycrystalline materials is characterized by the presence of one or more semicircles. The resistance of bulk grains or grain boundary can be calculated from the diameter of the semicircle at Zʹ axis and the total resistance (R T =R g +R gb ) of the material is equal to intercept of the curve on the Zʹ axis at low frequencies [81] . In case of ceramic materials the contribution from grain boundary is much more due to existence of defects compared to the contribution from grain resistance. In Fig. 8 , two semicircles for each composition are observed but the semicircle at low frequency (right) remains incomplete within studied frequency range. Fig. 8 (b) shows the equivalent circuit model used to calculate the grain resistance (R 1 ), capacitance (C 1 ), grain boundary resistance (R 2 ) and capacitance (C 2 ); and the values are shown in Table 4 . It is also clear from Table 4 that the grain resistance are too small compared to the grain boundary resistance for the compositions with x = 0.00, 0.02, 0.03 and 05. On the other hand, the grain resistance are comparatively higher in the composition of x = 0.01 and 0.04. 
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